Scaling of intrinsic Gilbert damping with spin-orbital coupling strength 
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We have experimentally and theoretically investigated the dependence of the intrinsic Gilbert 
damping parameter cto on the spin-orbital coupling strength ^ by using Llo ordered FePdi_xPtx 
ternary alloy films with perpendicular magnetic anisotropy. With the time-resolved magneto-optical 
Kerr effect, oq is found to increase by more than a factor of ten when x varies from to 1.0. Since 
changes of other leading parameters are found to be neglected, the ao has for the first time been 
proven to be proportional to ^^. 

PACS numbers: 75.78.Jp; 75.50.Vv; 75.70.Tj; 76.50.-fg 
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Magnetization dynamics has currently become one 
of the most popular topic in modern magnetism due 
to its crucial importance in information storage. Real 
space trajectory of magnetization processional switching 
triggered by magnetic field pulses, fs laser pulses, and 
spin-polarized curren1*ir— , can be well described by 
the phenomenological Landau-Lifshitz-Gilbert (LLG) 
equation that incorporates the Gilbert damping term'' 
which controls the dissipation of magnetic energy 
towards the thermal bath. The time interval from the 
non-equilibrium magnetization to the equilibrium state 
is governed by the Gilbert parameter a. It has very 
recently been shown that the laser-induced ultrafast 
demagnetization is also controlled by the q4. 

The intrinsic Gilbert damping ag has been exten- 
sively studied in theory 2r2^^ and in general believed 
to arise from the spin orbital coupling (SOC). In the 
SOC torque-correlation model proposed by Kambersky, 
contributions of intraband and interband transitions are 
thought to play a dominant role in the ap &t low and high 
temperatures T and are predicted to be proportional to 
^3 (^=thc SOC strength) and ^^ respectivelyi^iii. Up 
to date, however, no experiments have been reported 
to demonstrate the quantitative relationship between 
ao and ^ although many experimental attempts have 
been made to study the ao in various metallic and alloy 
filmsi''^"^^. It is hard to rule out effects other than the 
SOC because ao is also strongly related to parameters 
such as the electron scattering time and density of state 
D{Ep) at Fermi surface £'^^i2^i^ which in turn change 
among various metals and alloys. In order to rigorously 
address the ^ dependence of ao in experiments, it is 
therefore essential to find magnetic alloys in which the 
^ can be solely adjusted while other parameters almost 
keep fixed. 

In this Letter, we elucidate the ^ dependence of ao by 
using Llo FePdi-xPtx (=FePdPt) ternary alloy films. 
Here, only ^ is modulated artificially by the Pt/Pd 
concentration ratio because heavier atoms are expected 



to have a larger §22ri2^ and parameters other than ^ are 
theoretically shown to be almost fixed. Experimental 
results have shown that ao is proportional to ^^. It is 
therefore the first time to have given the experimental 
evidence of the ^^ scaling law. This work will also facili- 
tate exploration of new magnetic alloys with reasonably 
large perpendicular magnetic anisotropy (PMA) and low 
a. 

Llo FePdPt ternary alloy films with < a; < 1.0 were 
deposited on single crystal MgO (001) substrates by 
magnetron sputtering. The FePdPt composite target 
was formed by putting small Pt and Pd pieces on an 
Fe target. During deposition, the substrates were kept 
at 500 °C. After deposition, the samples were annealed 
in situ at the same temperature for 2 hours. The base 
pressure of the deposition system was lxlO~^ Pa and 
the Ar pressure was 0.35 Pa. Film thickness was deter- 
mined by X-ray reflectivity (XRR) to be 12 ± 1 nm. In 
order to measure the Gilbert damping parameter a^^'^^ , 
time-resolved magneto-optical Kerr effect (TRMOKE) 
measurements were performed in a pump-probe setup 
using a pulsed Ti:sapphire laser in the wavelength of 
400 nm (800 nm) for pump (probe) pulses with a pulse 
duration of 200 fs and a repetition rate of 250 kHz. An 
intense pump pulse beam with a fluence of 0.16 mJ/cm^ 
was normally incident to excite the sample, and the 
transient Kerr signal was detected by a probe pulse 
beam which is time-delayed with respect to the pump. 
The intensity ratio of the pump to probe pulses was 
set to be about 6:1, and their respective focused spot 
diameters were 1 mm and 0.7 mm. A variable magnetic 
held i? up to 5 T was applied at an angle of 45 degrees 
with respect to the fllm normal using a superconducting 
magnet. TRMOKE measurements were performed at 
200 K and other measurements were performed at room 
temperature. 

Microstructural analysis was accomplished with the 
aid of X-ray diffraction (XRD). Figures [IJa)-[lJc) show 
the XRD patterns for LIq FePdPt films with x — I, 
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FIG. 1: XRD patterns(a, b, c), out-of-plane and in-plane 
hysteresis loops (d,e,f)for Llo FePdi-xPtx films with x = 1 
(a,d), X = 0.5 (b,e) and x = 0.25 (c,f). 



X — 0.5, and x — 0.25, respectively. The films are 
of the Llo ordered structure in the presence of (001) 
superlattice peak. The chemical ordering degree S can 
be calculated with the intensity of the (001) and (002) 
peaks and found to be 0.7 ± 0.1 for all samples. Since 
no other diffraction peaks exist except for (001) and 
(002) ones, all samples are of LIq single phase with c 
axis perpendicular to the film plane. Here, c = 3.694A. 
Magnetization hysteresis loops were measured by vibrat- 
ing sample magnetometer. Figures [ird)-[ljf ) display the 
corresponding out-of-plane and in-plane magnetization 
hysteresis loops. As shown in Figlljd), for x = 1 
(Llo FePt) the out-of-plane hysteresis loop is almost 
square-shaped with coercivity He = 3.8 kOe, indicating 
the establishment of high PMA. With decreasing x, the 
He decreases. For x = 0.25 in Fig.[T](f), He approaches 
zero and the out-of-plane and in-plane loops almost 
overlap with each other, indicating a weak PMA. Ap- 
parently, the PMA increases with increasing x. Similar 
phenomena have been reported elsewher o^^i^^ . 

Figure HJb) displays the typical TRMOKE results 
for Llo FePdPt films with x = 0.25 under 6'h = 45° as 
shown in Figl2ja). For the time delay longer than 5.0 
ps, damped oscillatory Kerr signals are clearly seen due 
to the magnetization precession. The precession period 
becomes short significantly with increasing H. In order 
to extract the precession frequency, the Kerr signal was 
fitted by following exponentially damped sine function, 
a + 6exp(— t/to) + Aexp{—t/T)sm{2Trft + ip), where 
parameters A, r, / and if are the amplitude, relaxation 
time, frequency, and phase of damped magnetization 
precession, respectively'^''. Here, a, 6, and to correspond 
to the background signal owing to the slow recovery 
process. The experimental data are well fitted by the 
above equation, as shown in Figl2jb). 

Figure [3]^a) shows that for all samples studied 
here, the extracted precession frequency / increases 
monotonically as H increases. Moreover, / shows an 
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FIG. 2: Schematic illustration of the TRMOKE geometry (a) 
and TRMOKE results for x = 0.25 under various magnetic 
fields (b). Here Oh ~ 45°. Curves are shifted for clarity. The 
solid lines are fit results. 



increasing tendency with increasing x at fixed H. For 
X = 1 (Llo FePt), / is in a very high frequency range of 
180-260 GHz due to the high PMA. Figure Mh) shows 
that the relaxation time r displays a decreasing trend 
with increasing H. Moreover, r increases by two orders 
of magnitude when Pd atoms are replaced by Pt ones. 
In particular, we observed the short relaxation time 
T = 3 ps for X = 1 (Llo FePt). When the oscillation 
period is longer than the relaxation time for low H the 
precession cannot be excited for x = 1—. 

With a ^ 1.0, one can obtain the 
ing dispersion equation, 27r/ = ^^/TTiHi, 
Hi = Hcos{9h - 0) + Hk cos29 and 
Hcos{eH~0)+HK cos^ e, where Hk = 2Ku/Ms- 
with uniaxial anisotropy constant Kij. The equilibrium 



follow- 
where 

H2 = 

-AttMs 



magnetization angle 6 is calculated from the following 
equation sin 20 = {2H/Hk) sin{9H — 0), which is derived 
by taking the minimum of the total free energy. The 
measured H dependence of/ can be well fitted, as shown 
in FiglSJa). With the measured Ms of 1100 emu/cm^, 
the Kjj can be calculated. The g factor is equal to 2.16 
for x^l, 0.7, and 0.5, and to 2.10 and 2.03 for x = 0.25 
and 0.15, respectively. A small fraction of the orbital 




FIG. 3: Uniform magnetization precession frequency / (a) 
and relaxation time r (b) as a function of H for all samples 
studied here. Solid lines refer to fit results. 
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FIG. 4; Measured A'u (a), measured (solid box) and calcu- 
lated (solid circles) ao (b), ^ calculated in this work (solid 
circles) and elsewhere?'- (open ones) (c) as a function of x. 
The lines serve as a visual guide in (b) and refer to the fit 
results in (c). 



angular niomentum is therefore restored by the SOC^*' 
and close to results reported elsewhere^S. 

The measured H dependence of r can be well fitted 
by r = 2/aj{Hi + H2) with the fitted values of g 
and ifx for a ^ 1.0. Here, the Gilbert damping a is 
an adjustable parameter. As shown in Figl3l[b), the 
experimental and fitted data coincide with each other 
at high H and exhibit significant deviation from each 
other at low H. It is therefore illustrated that the 
extrinsic magnetic relaxation contributes to the a at 
low H and becomes weak at high H. This is because 
the extrinsic magnetic relaxation may arise from the 
inhomogeneous PMA distribution and the interfacial 
effect and is greatly suppressed under high H—^—. The 
intrinsic ao therefore plays a dominant role at high H, 
that is to say, ag is fitted in Fig. ^h). 

To determine the SOC strength ^ and intrinsic 



damping parameter ao in Llo ordered FePdi_xPtx 
ternary alloys, we perform spin dependent first prin- 
ciples calculations based on linear muffin-tin orbital 
density functional theorem, where the lattice constants 
are a = 3.861 and c = 3.79A for Llo ordered FePt. The 
D{Ef) is 2.55, 2.47, 2.43, and 2.39 per atom per eV for 
X varying from 0, 0.5, 0.75, to 1.0, respectively. The 
ao was achieved by using spin-orbital torque-correlation 
model based on spin dependent electron band structures 
obtained above2ii2i. 

It is significant to compare variations of the PMA 
and ao . Figures SJa) & JD^b) show the Ku and ao both 
decrease with decreasing x. Similar variation trends of 
Kjj and ao have been observed for perpendicularly mag- 
netized Pt/Co/Pt multilayers^S. When the ^ is smaller 
than the exchange splitting, the magnetic anisotropy is 
thought to come from the second order energy correction 
of the SOC in the perturbation treatment and is roughly 
proportional to both the ^ and the orbital angular 
momentum. The orbital momentum in 3d magnetic 
metallic films restored by the SOC is also proportional 
to the ^ and the PMA therefore is proportional to £,'^ /W 
with the bandwidth of 3d electrons W^— . Since the W 
does not change much with a;, the enhanced PMA at 
high X is attributed to a larger ^ of Pt atoms compared 
with that of Pd atoms^i^. Our calculations show f 
change from 0.20, 0.26, 0.41 to 0.58 (eV) when x varying 
from 0, 0.5, 0.75, to 1.0, as shown in Fig. HJc). This is 
because the ^ is 0.6, 0.20, and 0.06 (eV) for Pt, Pd, and 
Fe atoms, respectively21i2^ and the effect of Fe atoms is 
negligible compared with those of Pd and Pt atoms. The 
present results of ^ are in good agreement with previous 
ab initio calculations^. Apparently, the PMA behavior 
arises from the increase of ^ at high x. As shown in 
Fig. IHJb), measured and calculated results of ao are in 
a good agreement. Since the lattice constant, D{Ep), 
the Curie temperature, the gyromagnetic ratio, and 
the averaged spin are experimentally and theoretically 
shown to almost not change with cc, the enhanced ao is 
mainly attributed to the ^ increase with increasing x. 
Figure [S] shows that the ao is approximately proportional 
to ^^, where the ^ values at other x are exploited from 
the fitted curve in Fig. IH^c). Since for the present 
Llo ordered FePdi_xPtx ternary alloy films only ^ is 
tuned with cc, the present work has rigorously proven 
the theoretical prediction about the ^^ scaling of ao^. It 
is indicated that the ao at 200 K is mainly contributed 
by the interband contribution^ °i^^i^^ . The electronic- 
scattering-based model of ferromagnetic relaxation is 
therefore proved to be applicable for the ao in Llo 
FePdPt ternary alloys^. In order to further verify the 
^•^ dependence of ao"'^-, measurements of magnetization 
precession at low temperatures need to be accomplished. 
In summary, we have investigated the magneti- 
zation dynamics in Llo FePdPt ternary alloy films 
using TRMOKE. The intrinsic ao can be continuously 
tuned, showing a decrease with increasing Pd content 
due to smaller ^ compared with that of Pt atoms. In 




particular, the ^^ dependence of ag has been rigorously 
demonstrated in experiments. The experimental results 
deepen the understanding the mechanism of ao in 
magnetic metallic materials and provide a new clue to 
explore ideal ferromagnets with reasonably low ao and 
high PMA as storage media for the next generation 
microwave-assisted magnetic recording. 
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FIG. 5: The measured (solid square) and calculated (solid 
circles) qq versus ^^ as a function of x. The dashed curve 
refers to the linear fit results. 
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